Early epidemiological investigations linked patients' and environmental isolates ofL. pneumophila by serogroup [5, 6] . However, when it became apparent that most cases of Legionnaires' disease were caused by a single serogroup of L. pneumophila (serogroup 1)and that this serogroup was commonly found in the environment, the epidemiological relevance of this association was significantly reduced. Recently, several molecular techniques have been used for subtyping individual isolates: plasmid and chromosomal DNA analysis, monoclonal antibody typing, electrophoresis of whole cell or outer membrane proteins (aMPs) and lipopolysaccharides, and carbohydrate and fatty acid profiles [7] [8] [9] [10] [11] [12] [13] [14] . Here we provide a comprehensive comparison of monoclonal antibody typing, plasmid analysis, and aMP profiles of 159isolates of L. pneumophila serogroup 1. These isolates were obtained from institutions in different geographic areas and included patients' and epidemiologicallylinked environmental isolates from seven institutions. Our objectives were (1) to determine the predominant subtype of L. pneumophila recovered from patients and hospital water systems, (2) to assess the accuracy of the three subtyping methods by applying them to patients' and environmental isolates that had previously been linked by epidemiological criteria, and (3) to compare and contrast the methods in terms of the subdivision of isolates. in 50% (vol/vol) glycerol and Trypticase-soy broth (REMEL, Lenexa, Kan).
Isolates were subcultured from the freezer to a buffered charcoal-yeast extract agar plate and incubated for 48-72 h at 37 C in a humidified atmosphere, passaged on a buffered charcoal-yeast extract agar slant, and again incubated for 48-72 h. Isolates were subtyped under numerical code by an observer without knowledge of the source (patient or environment) or location (institution) of the isolates.
Epidemiological association oj patient and environmental isolates. Weobtained patient and environmental isolates of L. pneumophila serogroup 1 from seven hospitals and a case of communityacquired Legionnaires' disease due to exposure to a contaminated residential water supply [17] . Pointsource clustering of Legionnaires' disease cases had been documented for six of the seven hospitals [18] [19] [20] [21] [22] [23] . We assumed patient and environmental isolates were epidemiologically linked on the basis of temporal association of isolation of the organisms from the patients' respiratory tract and concomitant isolation of the organisms from the water source to whichthe individuals wereexposed. The link between patients and environmental water sources was demonstrated by standard epidemiological techniques, and the specific details on these outbreaks have been published in detail elsewhere [18] [19] [20] [21] [22] [23] .
Subtyping procedures. Monoclonal antibody subtyping. Coded isolates were examined by two different techniques using two different panels of monoclonal antibodies. Isolates weresubtyped using the antibodies of panel I in Quebec, Ontario, Canada. Panel I characterized isolates by reactivity to seven monoclonal antibodies (MAB-l, MAB-2, MAB-3, W-32, 3302, 32A12, and 144C2) by using an indirect microimmunofluorescent technique [9] . These monoclonal antibodies were selected from among 29 monoclonal antibodies produced in three laboratories (Atlanta; Oxford, England; and Quebec) for a standardized subtyping scheme [24] . Panel II characterized isolates by reactivity to five monoclonal antibodies produced in Columbus, Ohio: 81, 149, 103, 380, and 26 [25] .
Plasmid analysis. Plasmid analysis was done ell] using the alkaline SDS lysis method of Kado and Liu [26] . Molecular masses of the crude plasmid DNA preparations wereestimated from their electrophoretic mobilities on horizontal agarose gels relative to those of four plasmids of Legionella bozemanii [27] .
Outer membrane protein projiles. OMPs were Bacteria. One hundred fifty-nine isolates of L. pneumophila serogroup 1 were studied. The origin of each isolate is shown in table 1. Thirty-seven isolates from patients ("patient isolates")and 35 from the environment were selected for typing from the Pittsburgh V.A. Medical Center (VAMC); these isolates represented each year from 1980 to 1985. Included in this group were patient isolates from a previously reported nosocomial outbreak of 14 cases of Legionnaires' disease that occurred over a threeweek period in 1981 [5] . Ten environmental isolates recovered from the hospital's water distribution system at the time of this outbreak were also tested.
All isolates were identified as L. pneumophila serogroup 1 on the basis of their ability to grow on buffered charcoal-yeast extract agar supplemented with 1070 a-ketoglutarate, their inability to grow on blood agar, and reactivity with either agglutinating antisera to L. pneumophila serogroup 1 or direct fluorescent antibody staining with the serogroup 1 reagent supplied by the Centers for Disease Control (Atlanta) [15, 16] . All strains were stored at -20 C identified and characterized using a previously described method [28] . Whole cell and membrane preparations were electrophoresed as a linear, vertical SDS-lO% polyacrylamide gel in a modified Laemmli gel system [29] .
Statistical analysis. Patient and hospital data for each isolate were entered into a computer data bank (Prophet" system; Division of Research Resources, National Institutes of Health, Bethesda, Md). Association for source of isolate (patient vs. environment) and subtype, as determined by the three subtyping methods, were assessed by Fisher's exact test. as the Oxford 4032E subtype. This patient was suspected of having contracted his disease while receiving radiation therapy at a neighboring hospital (University Hospital 2). The Oxford 4032E subtype was not recovered from the water supply of the Pittsburgh VAMC but was recovered from the water supply of the university hospital.
Results

Monoclonal antibody typing.
When the 37 patient isolates from the Pittsburgh VAMC were excluded, 29 patient isolates from nine institutions and a case of community-acquired Legionnaires' disease were typed with monoclonal antibodies. The subtypes of 23 patient isolates from seveninstitutions and the case of community-acquired Legionnaires' disease are given in table 3. The subtypes of six patient isolates from three western Pennsylvania community hospitals were as follows: three were subtype Benidorm 030E, two weresubtype Philadelphia 1, and one was subtype France 5811. The subtypes of these isolates by panel II were A-I, A-2, and A-I, respectively. Among all the 29 patient isolates, the Philadelphia 1 subtype (the A subtypes by panel II) was the most common disease-causing subtype, accounting for 13 (45%) of 29 patient isolates.
The (1) new group 1 (1) University of Iowa Philadelphia 1 (4), Philadelphia 1 (5) A-2 (4), A-2 (5) Benidorm 030E (1) A-I (1) Stanford University Oxford 4032C (1) Oxford 4032C (1) , C (1) C (1), Hospital Knoxville 1 (1) A-I (1) Easton Hospital Oxford 4032C (5) Oxford 4032C (1) C (5) C (1) Community-acquired case Both panels of monoclonal antibodies showed that the subtypes of patient isolates matched the epidemiologically linked environmental isolates from seven institutions and a case of community-acquired Legionnaires' disease (table 3) .
The source of an isolate (patient or environment) and the monoclonal antibody subtype were significantly associated. Isolates that reacted with monoclonal antibody MAB-2 of panel I were more likely to be patient isolates (P < .01 by Fisher's exact test).
Similarly, isolates that reacted with monoclonal antibody 81 of panel II (the A subtypes) were more likely to have been from patients. Conversely, isolates that did not react with antibody 81 or MAB-2 were more likely to be environmental strains ( Outermembrane proteinprofiles. OMP profiles were determined for 111 of the 159L. pneumophila isolates. The major protein bands migrated in the molecular mass range of 24 000-27 000 and 45 000-49 000 Da. Minor protein bands wereseen at 28 000-33 000 and 118 000-130 000 Da (figure 1).
Considerable diversity in OMP profiles was demonstrated; therefore no correlation could be made with either plasmid patterns or monoclonal subtypes. This finding was particularly apparent among the 59 patient and environmental isolates from the Pittsburgh VAMC. The largest proportion of patient (14 of 29) and environmental (10 of 30) isolates from the Pittsburgh VAMC had a single OMP profile (protein bands at 26, 29, 32, and 48 kDa; table 5); however, several other banding patterns also occurred. Eleven OMP profiles wereidentified among the 29 patient isolates, and eight profiles wereidentified for the 30 environmental isolates from the Pittsburgh VAMC (data not shown).
In addition, a different OMP profile was identified for the isolate (subtype Oxford 4032E)recovered from a Pittsburgh VAMC patient who was suspected of acquiring his disease after receiving radiation therapy at University Hospital 2. This OMP profile was not seen among the other Pittsburgh VAMCisolates.
The protein bands for this isolate migrated at 27,46, and 118 kDa (data not shown). The OMP profile of one of the Oxford 4032E environmental isolates at University Hospital 2 matched that of the patient isolate ( figure 1, lane d) .
The OMP profiles of 49 patient and epidemiologically linked environmental isolates from seven in- stitutions and a case of community-acquired Legionnaires' disease showed complete agreement for all institutions except Easton Hospital (table 5) . The OMP profiles identified among the remaining patient (four) and environmental (20) isolates from 10 Pennsylvania hospitals were similar to the protein banding patterns in figure 1 (data not shown).
Discussion
Immunologic and biochemical methods are being used as epidemiological tools to more precisely identify epidemic strains of L. pneumophila and link these strains to specific environmental reservoirs. The techniques used include monoclonal antibody typing; plasmid analysis; electrophoretic analysis of proteins, lipopolysaccharides, and carbohydrates; and fatty acid profiles. Most epidemiological investigations in which these techniques have been used were limited to evaluation of a limited number of isolates from a single outbreak [13, [30] [31] [32] [33] .
Our study compared three different methodologies -monoclonal antibody subtyping, plasmid analysis, and OMP profiling -by using 159 isolates of L. pneumophila serogroup 1 from 18 health care institutions. Included in our analysis were patient and epidemiologically linked environmental isolates (recovered from water distribution systems) from six defined outbreaks of Legionnaires' disease and a hospital where Legionnaires' disease was endemic. We assumed that environmental isolates from the water supply of the hospital (and even the same hospital room) in which the patient with Legionnaires' disease was hospitalized would be related to the isolate from the patient's respiratory tract. The environmental organism was generally isolated within days to weeks of the onset of Legionnaires' disease in the individual patient. The link between patient and environmental isolates was made using standard epidemiological methods [17] [18] [19] [20] [21] [22] [23] . Application ofthese techniques to the study of patient and environmental isolates from several defined outbreaks of Legionnaires' disease enabled us to compare the ability of each method to link patient isolates to the suspected environmental reservoir.
Although the two panels of monoclonal antibodies were prepared independently and applied using different techniques, both panels were able to differentiate and match patient and epidemiologi-cally linked environmental isolates from seven institutions and a case of community-acquired Legionnaires' disease (table 3) . In addition, using the antibodies of panel I, we identified one new diseasecausing subtype (table 2) .
It has been suggested that monoclonal antibody typing might identify subtypes more likely to cause disease, i.e., are more "virulent" [14, 32] . Our data support this observation. The Philadelphia 1 subtype (the A subtypes by panel II) was the most common disease-causing subtype (excluding the Pittsburgh VAMC isolates), and we found a statistically significant association between the source of an isolate (patient vs. environment) and its monoclonal antibody subtype (P <.01by Fisher's exact test). More precisely, we found this association to be based on the reaction of specific monoclonal antibodies. Isolates that reacted with monoclonal antibody MAB-2 of panel I or antibody 81 of panel II (the A subtypes) were more likely to have been recovered from patients (P < .01 by Fisher's exact test). One possible explanation may be that these monoclonal antibodies react with an epitope associated with virulence. This proposal, however, remains to be tested.
Since 1979 > 100 cases of Legionnaires' disease have been diagnosed at the Pittsburgh VAMC [34] . The monoclonal antibody-typing results identified the Allentown 1 subtype (or A-I by panel II) as the endemic patient strain from 1980 to 1985 (table 4) . Although both the Philadelphia 1 and Allentown 1 subtypes wereequally prevalent among environmental isolates from the Pittsburgh VAMCand both are considered "virulent," virtually all cases of Legionnaires' disease werecaused by the Allentown 1 strain. Because the Philadelphia 1 subtype has also been implicated in clinical cases, our finding suggests that virulence may differ between these two subtypes. Although the patient and environmental isolates from the Pittsburgh VAMCrepresented a five-year period, including both before and after eradication procedures were instituted, the same subtypes were consistently identified. In contrast, at the Wadsworth VAMC,the subtype of the predominant environmental strain shifted in the period after chlorination of the hospital water supply [8] .
The Bellingham 1 subtype (subtype B by panel II) was the most common subtype among environmental isolates at the Pittsburgh VAMC, and it also accounted for half the environmental isolates from all other institutions. Although this subtype was the most common among environmental isolates, it caused far lessdisease, an observation suggesting that the Bellingham 1 subtype may be less virulent.
Although the above findings suggest that certain subtypes may be more virulent than others, this association is not absolute. Some of the "less virulent" subtypes caused disease in nine patients from seven institutions. For example, the Bellingham 1 and Oxford 4032E subtypes recovered from the water supplies of the Denver VAMC and Easton Hospital, respectively, also caused Legionnaires' disease at these institutions.
Plasmid profiles of patient isolates matched those of epidemiologically linked environmental isolates from within a given institution (table 4). However, isolates from different institutions could not be differentiated by plasmid profiles, a finding suggesting that plasmid analysis may be less useful when isolates from different institutions are compared. We also failed to show any correlations between plasmid profiles and monoclonal antibody subtypes.
It is well known that identification of plasmids is method dependent. Given that the extraction method we used yielded only crude plasmid DNA preparations, we presume that the plasm ids migrating at the same molecular weight were identical and that plasmid-free isolates indeed lacked a plasmid. Further analysis by either an alternate extraction method or by restriction endonuclease digestion would be required to definitively characterize these isolates [13] . Such an elaborate analysis was beyond the scope of this study.
Patient isolates were significantly more likely to be plasmid free than wereenvironmental isolates only at the Pittsburgh VAMC (P < .01 by Fisher's exact test). This observation is in agreement with previous work by Brown et al. [35] , which demonstrated that although most environmental isolates from the Pittsburgh VAMC contained an 80-MDa plasmid, a plasmid-free strain was responsible for the epidemic cases. Wefurther showed that isolates that were plasmid free belonged to two different subtypes: Allentown 1 and Philadelphia 1. However, only the Allentown 1 subtype was responsible for the outbreak.
Other investigators have found that most strains of L. pneumophila serogroup 1 are free of plasmids and, more specifically, that most patient isolates are free of plasmids [11, 27, 32, 35, 36] . In our study nearly 500/0 (75 of 159) of the isolates tested contained a plasmid. In addition, 20 of 29 patient isolates from nine institutions (excludingthe Pittsburgh VAMCisolates) contained a plasmid. Therefore, ear-lier observations linking plasmid-free isolates to Legionnaires' disease should not be generalized. Also, whether plasmid-free isolates may have the plasmid DNA integrated into the chromosome has not yet been determined.
The OMPs ofL. pneumophila have been partially characterized [37] [38] [39] [40] . However, only limited numbers of epidemiological investigations have used the diversity in the OMPs of L. pneumophila serogroup 1 for differentiating strains and linking outbreak strains to environmental sources [10, 19, 33] . We demonstrated considerable diversity in OMP profiles among the 111 isolates tested.
Again, the protein banding patterns of the epidemiologically linked patient and environmental isolates matched (table 5) . That strains from common-source outbreaks of Legionnaires' disease had concordant profiles confirms the usefulness of analyzing OMP profiles for epidemiological investigations.
Although one OMP profile predominated among the patient and environmental isolates from the Pittsburgh VAMC (table 5) , several additional banding patterns were also observed. Unlike monoclonal antibody typing, which identified a single subtype (Allentown 1) as the epidemic strain at the Pittsburgh VAMC, OMP typing showed multiple types as being responsible for Legionnaires' disease at this institution. Thus OMP profiles may be more sensitive for identifying strain variation than is monoclonal antibody typing.
We applied these molecular techniques to resolve a clinical enigma. A case of nosocomial Legionnaires' disease (due to L. pneumophila serogroup 1) occurred at the Pittsburgh VAMC despite heat eradication measures, which had all but eliminated this organism from the water supply [18] . Although it was initially unclear how this patient had become infected, we soon learned that this patient had been transported as an outpatient to a neighboring university hospital (University Hospital 2; table 1) for radiation therapy two days before onset of his pneumonia. Monoclonal antibody typing identified this patient's isolate as the Oxford 4032E subtype (subtype C by panel II). This subtype had not been previously identified among the patient or environmental isolates at the Pittsburgh VAMC. In addition, the OMP profile of this isolate was different from that of any of the patient or environmental isolates from the Pittsburgh VAMC. Attention was then focused on University Hospital 2. Five of nine isolates of L. pneu-493 mophila serogroup 1 from the water fixtures in the radiation therapy area of University Hospital 2 were the Oxford 4032E subtype. A similar experience was reported for a patient with Legionnaires' disease at the University of Iowa [12] . This patient was exposed to contaminated water from both a Veterans Administration hospital and a university hospital where he was receiving radiation therapy. Analysis of the patient and environmental isolates from the two hospitals by capillary gas-liquid chromatography showed the patient isolate matched the university hospital isolate [12] . Thus, limiting water exposure may be prudent for high-risk patients when they are transported to other hospitals that have a contaminated water supply.
All subtyping methods evaluated in this study were successful in matching patient and epidemiologically linked environmental isolates of L. pneumophila. Specific differences between the methods that might be considered when a subtyping method is selected are (1) the technical ease of application of the method, (2) the number of organisms to be tested and the diversity of the sources (patient and environment), and (3) the standardization of technique and coding. Monoclonal antibody subtyping can be done directly on an isolate by the relatively simple technique of indirect microimmunofluorescence, whereas the extraction and gel separation of plasmid DNA or OMPs are technically more complex. Monoclonal antibody subtyping of L. pneumophila has also been standardized and made more accessible by the deposit of many of the monoclonal antibodies of panel I into the American Type Culture Collection [24] . In contrast, plasmid analysis and OMP profiling for L. pneumophila have not yet been standardized. Our study showed that considerable diversity occurred for subtypes of Legionella by monoclonal antibody and OMP profiles. Plasmid patterns were less discriminating, although evaluation of restriction endonuclease patterns is necessary for final determination of the usefulness of plasmid analysis. Given the current state of the art, we suggest that for epidemiological purposes, isolates of Legionella be initially subtyped by monoclonal antibody methods; subsequent analysis by OMP or plasmid profiles could be done depending on the results of the monoclonal antibody methods and the epidemiological questions to be answered.
In conclusion, diverse methodologies are now available for subtyping a single serogroup of a bacterial species. We demonstrated that these new proce-dures show considerable usefulness in epidemiological studies and present a case in which subtyping clarified a clinical situation. As diagnostic methodologies for Legionnaires' disease improve and as physician awareness increases, more cases of Legionnaires' disease will be identified. The ability of these new methodologies to precisely link patient and environmental isolates of L. pneumophila should enhance our understanding of the epidemiology of this disease and thereby increase the potential for preventing this pneumonia.
